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Abstract The power grid in a typical micro distribution
system is non-ideal, presenting itself as a voltage source
with significant impedance. Thus, grid-connected convert-
ers interact with each other via the non-ideal grid. In this
study, we consider the practical scenario of voltage-source
converters connected to a three-phase voltage source with
significant impedance. We show that stability can be
compromised in the interacting converters. Specifically, the
stable operating regions in selected parameter space may
be reduced when grid-connected converters interact under
certain conditions. In this paper, we develop bifurcation
boundaries in the parameter space with respect to Hopf-
type instability. A small-signal model in the dq-frame is
adopted to analyze the system using an impedance-based
approach. Moreover, results are presented in design-ori-
ented forms so as to facilitate the identification of variation
trends of the parameter ranges that guarantee stable
operation.
Keywords Power converters, Stability analysis,
Interacting systems, Grid-connected converters
1 Introduction
Three-phase pulse-width-modulated (PWM) voltage-
source converters (VSCs) operating in rectifier mode have
become a popular choice for ac-dc power conversion in many
medium to high power applications. Due to the many desirable
features that the VSC offers, e.g., low current harmonics,
controllable power quality, and high efficiency, the VSC has
been used in a variety of industrial and commercial applica-
tions, such as un-interruptible power supply systems, power
supplies for telecommunication equipment, HVDC systems,
distributed energy sources for renewable energy generation,
battery storage systems, power conversion systems for process
technology, and so on [1]. In most of these applications, the
VSC does not only function as a high-performance power load
to the ac power source, but also a reliable interface for many
power conversion systems with the ac source.
As possibilities of applications of VSCs increase, it can be
appreciated that multiple VSCs may connect to the power grid
at a so-called point of common coupling (PCC), while each
VSC works under its own specific condition and application,
as shown in the usual representation of Fig. 1 [2]. The same
structure is also employed in some specific application sce-
narios, including aircraft power systems [3], shipboard power
systems [4], micro grids [5], etc. As each converter is designed
separately for its own load condition, the mutual coupling in
practice via the grid may pose a stability concern as the grid is
non-ideal in reality and presents at the point of common
coupling a significant amount of impedance which is not
always predictable. As a result, the stability of the system
should be considered with the coupled system model in mind
rather than the unrealistic though simple model where each
converter is assumed to behave independently.
For the purpose of illustrating the effect of mutual
coupling, it suffices to consider two converters under the
structure shown in Fig. 2. To maintain generality of our
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study, the VSCs are controlled under a typical feedback
configuration that contains an outer voltage loop which
operates in conjunction with a sinusoidal pulse-width-
modulated (SPWM) inner current loop for achieving a
constant output dc voltage, as presented in Fig. 3. The two
converters have been designed separately according to their
respective application conditions. However, when they are
connected to the non-ideal grid, their interaction may have
an impact on stability.
The stability issue of grid-connected VSCs in the presence
of varying grid impedance has been discussed in several prior
publications. For instance, Belkhayat [6] presented an
impedance-based approach to evaluate the stability of ac
interfaces in the dq-frame by employing a generalized Nyquist
stability criterion (GNC) based on small-signal modeling. The
stability of grid-connected inverters and rectifiers has also
been discussed [7–9]. Moreover, a converter’s impedance
modeling has been studied in some detail [10–12]. Some
preliminary studies of the effect of grid impedance on grid-
connected interacting converters have been reported in [13–15].
Furthermore, some bifurcation phenomena have been
observed and reported in some earlier studies [16–18].
In this paper, the important issue of the effect of inter-
action between the grid-connected converters under non-
ideal power grid conditions is addressed, which is largely
unexplored despite its practical importance. The study will
probe into the key control parameters and examine how
variation of these parameters alters the stability regions
under the effect of converters’ interaction. Specifically, we
focus on the loss of stability corresponding to emergence of
a low-frequency oscillation as commonly studied under the
broad class of Hopf-type bifurcation phenomena [19]. We
show that the bifurcation boundaries (stability regions from
an engineering viewpoint) generally shrink when convert-
ers interact via the non-ideal grid. In other words, analysis
assuming independent (uncoupled) converters under ideal
grid condition therefore provides over-optimistic stability
prediction. In Sect. 2, we take a quick tour of the instability
phenomenon arising from converters’ interaction. In
Sect. 3, a detailed stability assessment employing an































































Fig. 1 Multiple voltage-source converters (VSCs) connected to
power grid
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we present our results in a design-oriented format that
reveals the way in which stability would be affected by
variation of selected parameters, and hence facilitates the
choice of parameters for stable operation [20].
2 A glimpse at the instability
We begin by taking a quick glimpse at the way in which
a voltage-source converter loses stability. The circuit of
Fig. 2 is studied in full circuit implementation using
MATLAB. The values of the circuit components used in
the simulation are summarized in Tables 1, 2 and 3. Con-
verters 1 and 2 employ the same control method which is
described in Fig. 3.
Figure 4a shows stable operation of the two converters
with different load conditions when separately connected
to the same non-ideal grids with impedance Lg = 1.2 mH.
Thus, the converters are stable when analyzed separately.
However, when the converters are connected at the same
time to the non-ideal grid having the same impedance at
the point of common coupling (PCC), as shown in Fig. 2,
the converters’ output voltages and input currents have
manifested low-frequency osci.
Figure 4b The dc voltage Udc of both converters oscil-
late at 255 Hz around the regulated level, while all con-
verters’ parameters have remained the same as in the case
of separate uncoupled operation.
Thus, it can be inferred that the converters could interact
with each other and lose stability via a Hopf-type bifur-
cation when the values of parameters are selected beyond a
specific region in the parameter space (referred to as sta-
bility region here).
3 Analysis
For an individual grid-connected VSC, control models
and their closed-loop stability analysis have been studied [7],
employing techniques like root locus analysis and Bode
diagrams. Moreover, the state-space approach is also used to
determine stability in the time domain [15]. For grid-con-
nected converters, prior studies [6, 21] have pointed out that
the impedance-based approach is more advantageous and
flexible. For the case of the grid-connected system under
study, the impedance-based analysis is highly suitable, as
will be demonstrated in the subsequent subsections.
3.1 Basic system model: the uncoupled case
Following the formulation of Sun [22], the three-phase
VSC can be represented by an averaged model in the dq
rotating coordinate. Since converters 1 and 2 share the
same model, we provide, for brevity, the equations for




















Table 1 Parameters of power grid
Usa,sb,sc fl Ls
110 V rms 50 Hz 0.1–1.5 mH
Table 2 Circuit parameters of converter 1
Udc,ref Cdc L1 RL1 r fs
360 V 1.2 mF 3 mH 20–60 X 0.01 X 10 kHz
Note Parameters are as shown in Fig. 2 and Fig. 3
Table 3 Circuit parameters of converter 2
Udc,ref Cdc L2 RL2 r fs
360 V 1.2 mF 3 mH 20–60 X 0.01 X 10 kHz



















































Fig. 3 Controller schematic of the three-phase voltage-source converter with filter in a rotating dq reference frame
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where subscript 1 denotes converter 1 (likewise, subscript 2
denotes converter 2 in the subsequent analysis); xl = 2pfl;
d1d = u1d/udc1 and d1q = u1q/udc1 are the duty cycles; i1d
and i1q are the input currents of converter 1 in the dq-
frame; ugd and ugq are the voltages at the point of common
coupling (PCC); u1d and u1q are the leg voltages in the dq-
frame; and io1 is the load current. For simplicity, we ignore
the inductor resistance r in the following analysis. From
(1), we can obtain the small-signal representation via the
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(a) The two converters work independently (with no interaction) under same grid impedance  Lg =1.2 mH, showing stable 
operation 
(b) The two converters interact via connecting to the non-ideal grid with  Lg =1.2 mH, showing unstable operation or Hopf-type 
instability 
Fig. 4 Waveforms of the two converters’ output voltages and input currents with RL1 = 22.5 X and RL2 = 27 X






















where D1d, D1q, I1d, I1q and Udc1 are the system’s steady-
state values which are given by
D1d ¼ UsdUdc1 ;
D1q ¼ xlL1I1dUdc1 ;









Omitting the standard small-signal derivation, the state-



















































































































































TðsÞ ¼ G1id A1i
A1v Z1
 

















Therefore, the characteristic polynomial that determines
the stability of the closed loop system can be found as
UCLðsÞ ¼ detðsI  TðsÞÞ ð8Þ
Thus, we can assess the stability of the system by
inspecting the roots of UCL(s) = 0, i.e., eigenvalues of T(s).
Stability requires that all eigenvalues have negative real
parts. Putting the parameter values in (8), we can compute
the eigenvalues as given in Table 4, which indicate stable
operation of the uncoupled converters.
3.2 Analysis of the interacting converters
The foregoing subsection derives the conventional
converter’s closed-loop model and assesses the stability of
the converters when working independently (uncoupled).
In this subsection, the converters are connected to the
power grid at a common coupling point and thus interact
with each other. As the two converters have identical




































Combining (9) and Io = Udc/RL, we obtain the input
admittance of each converter as seen at the coupling point,
i.e.,
Table 4 Eigenvalues of the uncoupled converters (independently
operated)
Systems Eigenvalues Stability
Converter 1 -1528.885 ± j2889.817, -4.168, -4.199,
-7995.83, -8.029
Stable
Converter 2 -1936.886 ± j2622.119, -4.168, -4.199,
-7995.83, -8.067
Stable
Stability of interacting grid-connected power converters 253
123






; ðk ¼ 1; 2Þ
YðsÞ ¼ YVSC1 þ YVSC2
(
ð10Þ
where YVSCk (k = 1, 2) is the converter’s input admittance
and Y(s) is the total input admittance of the two converters.
In a likewise manner, the grid impedance can be found
from




























Thus, the system’s impedance can be considered in the
usual Thevenin form, as shown in Fig. 5.
Based on this small-signal model, the current Is from
power grid to the coupled converters is
Is ¼ YðsÞ
I þ YðsÞZs Us ð13Þ
Since the converters are stable when operating
independently, both Us and Y(s) are stable and the
stability of the connected system can be assessed by
applying Nyquist criterion [23] to (Fig. 6)
HðsÞ ¼ 1
I þ YðsÞZs ð14Þ
The Nyquist plot of det(I ? Y(s)Zs), as given in Fig. 7,
shows encirclement of the origin which asserts that the
system is unstable. Numerical calculations of the poles of
the closed-loop system also indicate unstable operation, as
shown in Table 5. This result is in full agreement with the
simulations presented earlier.
For a general system with multi-converters connected to
a non-ideal power grid at the same PCC as shown in Fig. 1,
we can track the trajectory to determine the overall sys-
tem’s stability. The total input admittance of the connected
system is YVSC = YVSC1 ? YVSC2 ? YVSC3 ? … ? YVSCn,
and the impedance in dq-frame could be obtained as shown
in Fig. 8. The stability could be assessed by examining the
root locus of det(I ? YVSCZs).
The above analysis clearly exposes that the interacting
converters can be unstable while the individual separately
operated converters are stable.
4 Stability regions in design-oriented forms
In the foregoing analysis, the system’s stability has been
determined precisely using the interface impedance.
However, for engineering design purposes, it is more
important to identify the system parameters and their var-
iation trends that have significant impact on the stable
region of operation [20, 24]. In this section, we derive
stability boundaries using the foregoing analysis and
present them in design-oriented forms. Results from sim-
ulations of the actual switching circuits will also be pre-
sented for comparison and verification.
Relevant to our present study is the region of
stable operation bounded by the bifurcation boundary
corresponding to the loss of stability via a Hopf-type
bifurcation (practically known as low-frequency oscilla-
tion). For the system of two converters connected to a
non-ideal power grid, we focus on the following
parameters:
1) the grid impedance Lg,
2) the dc gains of the two converters’ voltage loop kvp1,
kvp2,
3) the converters’ load resistance RL1, RL2.
Fig. 6 Block diagram of the impedance model of the system of
interacting converters in dq-frame
Fig. 5 Impedance model of the system of interacting converters in
dq-frame
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Moreover, for the purpose of comparison, the stability
regions of converters coupled via the power grid and those
of the independently operating (uncoupled) converters are
presented. Our results are generated from simulations of
the complete switching model which provides viable ver-
ification of the actual physical system.
In the sequel, we will present a series of design-oriented
stability charts which are computed from the analysis of
Sect. 3 and also from full circuit simulations. Each chart
contains two sets of stability boundaries, shown in red and
blue, corresponding to two specific parameter values as
labelled in the chart. In each chart, for the red or blue set of
boundaries, the parameter plane is divided into regions I, II
and III.
Region I (stable) is the parameter region where the
system is stable for both cases of independently operated
converters and grid-coupled converters.
Region II (intermediate) is the parameter region where
the independently operated converters are stable, but the
system of grid-coupled converters is unstable.
Region III (unstable) is the parameter region where the
system is unstable for both cases of independently
operated converters and grid-coupled converters
Thus, the boundary separating regions I and II is the
bifurcation boundary or stability threshold for the system
of coupled converters, and the boundary separating regions
II and III is the bifurcation boundary for the independently
operated converter. In each chart, analytically calculated
stability boundaries are plotted in asterisk (*), and the
corresponding full circuit simulated boundaries are shown
in solid curves.
The dc gains of voltage loop kvp1, kvp2 are the key
parameters that affect stability with respect to Hopf bifur-
cation. Since the inner current loop gain is usually chosen
to be sufficiently high to ensure that the current tracks the
reference closely, we will ignore the inner loop gain in our
study. For the system of converters connected at the same
PCC, the stability regions in the kvp1–kvp2 plane is shown in
Fig. 9, for both the uncoupled and coupled systems for
different values of dc loads and grid impedance. These
charts reveal how variation of these parameters would
affect the stability regions, and specifically we see that the
stable operating regions are reduced when either dc load
current, line impedance or dc link capacitor is increased.
The dc load resistance of the converters can affect stability,
as shown in the design-oriented charts of Fig. 10. From the
charts presented in Fig. 10, when one converter is more heavily
loaded, the system moves closer to the boundary of instability.
Moreover, we observe that the region of stability shrinks when
the converters are coupled via the on-ideal grid.
From the charts presented above, we see that the analyt-
ically computed boundary points are in perfect agreement
with the full-circuit simulated results. The effects of different
parameters on the overall system stability can be summa-
rized qualitatively in Table 6. Specifically, the system would
alter the stability margin when parameters vary. In the table,
the ‘‘ ? ’’ and ‘‘-’’ signs indicate increasing and decreas-
ing values of the parameters, respectively. Correspondingly,
the sign ‘‘:’’ means enlarging the overall system stability
margin, whereas ‘‘;’’ represents reducing the stability
margin. For instance, when the load decreases (-), the
overall system stability region shrinks (;), and vice versa.



















Fig. 7 Nyquist diagram of the system of interacting converters
Fig. 8 Thevenin equivalent circuit of multiple VSCs connected to a
non-ideal power grid at the same coupling point





-1749.02 ± j2739.079, -4433.38,
-4.19 ± j0.011, -4.168, -4.199,
-7995.83, -8.03, -8.06
Unstable
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5 Conclusion
Power converters connected to a non-ideal power grid
are studied in this paper. The emphasis is on the mutual
interaction of two or more converters via the grid and how
such interaction may cause instability of the overall sys-
tem. The study is important as converters are being
increasingly deployed for applications involving power
conversion functions that require interfacing with power
grid which is often non-ideal. The significant impedance
present in the grid poses an issue deserving attention as
converters’ stability is no longer a standalone problem.
Through mutual interaction, converters become more prone
to instability under certain conditions. This paper points out
that the overall system stability should be re-considered in
the light of a more complete model that takes into account
the interaction of converters connected to the grid at a
common point of coupling. The analysis has been devel-
oped using the impedance approach, and stability bound-
aries are derived in various parameter planes. Findings
Table 6 Effects of system’s parameters on stability regions
Parameters Variation Stability margin
Dc gain of voltage loop 2 1 : ;
Converter’s load 2 1 ; :
Grid impedance 2 1 : ;
Note The ‘‘ ? ’’ and ‘‘-’’ signs indicate increasing and decreasing
values of the parameters, respectively. Correspondingly, ‘‘:’’ means
enlarging the overall system stability margin and ‘‘;’’ represents
reducing the stability margin
(a) (b)
Fig. 10 Stability boundaries on the 2-dim plane of load resistances, i.e., RL1 versus RL2. Points (*) are calculated from analysis of Sect. 3, and
solid curves are from full circuit simulations
(a) (b)
Fig. 9 Stability boundaries on the 2-dim plane of dc gains, i.e., kvp1 versus kvp2. Points (*) are calculated from analysis of Sect. 3, and solid
curves are from full circuit simulations
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reported in this paper would facilitate engineers in making
design choices related to the selection of parameter values
that would guarantee stability in a sufficiently wide
parameter range.
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